H
odgkin's disease was recently designated Hodgkin lymphoma (HL) in the World Health Organization Classification. 1 The National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) population based registries estimate that 7900 new cases are diagnosed annually in the USA. 2 Clues to its aetiology have been suggested by the bimodal age distribution; higher risks in males, in people with higher socioeconomic status, and in smaller families; and occurrence of Epstein-Barr virus in HL tumour cells. 3 The importance of genetic factors is indicated by reports of multiply affected families from case series, [4] [5] [6] a twin study, 7 a case-control study, 8 and population registry studies carried out in Utah, 9 Denmark, 10 Israel, 11 and Sweden. [12] [13] [14] We recently analysed data from registries in Sweden and Denmark and found significant familial aggregation of HL and other lymphoproliferative tumours. 15 The relative risk for HL among first degree relatives of cases compared with controls was 3.1. Relative risks were higher in males compared with females, and in siblings of cases compared with parents and offspring. Relatives of earlier onset cases were at higher risk for HL and for all lymphoproliferative tumours and were also at higher risk for developing early onset tumours themselves. These findings are consistent with those seen from earlier case series studies but have the advantage of being from large, population based samples.
It is not known whether or how extrinsic risk factors interact with genetic susceptibility. Identifying inherited susceptibility genes is an important step towards defining the pathway(s) leading to development of HL and understanding its complex aetiology. There have been many studies of somatic mutations in HL tumour cells, but although there are associations with HLA types, specific germline genes causing susceptibility have not yet been identified. Early studies of HLA Class I alleles in familial HL showed increased haplotype sharing among affected sibling pairs. 16 17 We have previously conducted studies of HLA Class II loci in 16 high risk HL families and found that alleles reported to be associated in case-control studies (such as DRB1*1501 and DQB1*0602) were also associated with familial HL using a family based analytical approach. 18 There have been no comprehensive searches of the genome for HL genes, largely due to the difficulty in assembling informative samples. Even though this tumour is strongly familial, the proportion of cases with a family history is small, and affected families typically have very few cases.
We studied 44 informative high risk HL families and applied a whole genome search using densely spaced microsatellite markers in order to localise susceptibility genes.
METHODS

Ascertainment of HL pedigrees
The Genetic Epidemiology Branch (Division of Cancer Epidemiology and Genetics) has been recruiting families with two or more living cases of HL since 1970. This study was approved by an institutional review board, and informed consent was obtained on all subjects in this report. At the NIH clinical centre or on field trips, we evaluated all available affected individuals and first degree relatives of those affected, and obtained biospecimens. We also obtained original pathology material and reports for all HL and NHL cases where possible, and these were reviewed by the National Cancer Institute Laboratory of Pathology. Of the families investigated, 44 were judged to be informative for linkage studies, based on the number of available DNA samples (total 254) from affected and unaffected individuals. Sixteen of these families had been included in an earlier study of linkage and association with the HLA region. 18 Key points N Hodgkin lymphoma (HL) has a strong familial component but no genes have yet been identified.
N We performed a genomewide linkage screen in 44 high risk HL families with a total of 254 individuals with DNA samples. Among these families, there were 95 HL cases and four cases of non-Hodgkin lymphoma (NHL) who were informative for linkage. The cases were characterised by a young age at diagnosis and an even gender ratio. In two-thirds of the families, the cases were siblings or cousins.
N We genotyped 1058 microsatellite markers with an average spacing of 3.5 cM, analysed the data using both non-parametric and parametric linkage analysis, and computed both two point and multi-point linkage statistics.
N The strongest linkage finding was on chromosome 4p near the marker D4S394. The lod score calculated by Genehunter Plus was 2.6 (nominal p = 0.0002) when both HL and NHL individuals were considered affected. The mean identity by descent sharing among 35 affected sibling pairs was 72% in this region (nominal p = 0.00007).
N The results are consistent with recessive inheritance.
Other locations suggestive of linkage were found on chromosomes 2 and 11. The number of independent regions identified is more than expected by chance, although no one region met genomewide significance levels.
N These linkage findings represent the first step towards identifying one or more loci leading to susceptibility to HL and understanding its complex aetiology. Table 1 shows the distribution of the number of affected individuals per family and the relationships among the HL cases. A total of 106 individuals in the families have been diagnosed with HL. Of these, DNA samples were available for 89, and genotypes for an additional six cases could be inferred from other family members. Of eight cases of NHL, four had either DNA samples or inferable genotypes. The level of diagnostic certainty for the HL cases was high, with 85% confirmed by either an outside pathology report, a slide reviewed at the NCI Laboratory of Pathology, or both. All cases were considered ''affected'' for linkage analysis. The mean age at diagnosis of HL was 26.8 years, which is much lower than that in the population, where the median age at diagnosis is 37 years. 2 Over 90% of our cases would be considered as having onset in childhood or young adulthood (earlier than 45 years of age) There was no difference in age at diagnosis among families with only two HL cases compared with those with more than two cases. Among those cases who could be classified into subtypes (75% of the total), there was a predominance (80%) of the nodular sclerosis (NS) subtype, with nearly all of the remaining having the mixed cellularity subtype, consistent with the young age distribution. There was a slight female predominance. As can be seen in table 1, two thirds of the families had cases among siblings and/or cousins; the remainder showed parent-offspring configurations with or without siblings or other relatives.
Genotyping DNA was extracted from cryopreserved lymphocytes using standard methods. Genotyping was conducted under contract to deCODE Genetics using their screening set of 1058 microsatellite markers containing markers from the ABI linkage marker (version 2) screening and intercalating sets, and 500 custom made markers with known allele size distributions. Marker positions were obtained from the deCODE genetic map. 19 PCR reactions were set up in multiplex reactions with fluorescently labelled primer pairs selected to amplify highly informative two, three, and four microsatellite loci. Following PCR amplification, DNA samples were loaded into ABI 3730 capillary sequencers. In each 96 well DNA plate, 93 DNA samples and three CEPH controls (family 1347-2) were run. Alleles were automatically classified using deCODE Allele Caller software, 20 which provides consistently .99.7% accuracy of genotyping calls compared with manual procedures. The samples were barcoded and tracked at each step, and profiled with sufficient markers for unique identification. Sample identities were checked for accuracy based on the pedigree structures in order to identify sample duplications and exchanges. The extensive use of robotics and automation at all steps in the process provided a high degree of reliability, and reduced sample handling errors. A multistage data analysis approach was used to minimise errors in genotyping. After initial genotype identification was made, analyses were conducted to detect non-Mendelian transmission of genotypes from parents to offspring. These errors were then checked by re-analysing the results from the ABI sequencer or by re-typing the samples.
Power analysis
Because the true genetic model for HL is not known, we computed power assuming a rare gene with either dominant or recessive inheritance and heterogeneity. We estimated the power to detect linkage using the program SLINK. 21 22 We conducted simulations assuming both dominant and recessive inheritance models and penetrances of both 50% and 80% for the at risk genotypes and 0.1% for the normal genotype (a total of four models) Allele frequencies were set at values that kept the lifetime risk constant at 0.24 as estimated from SEER data. 2 We assumed close linkage (h = 0.001) of the disease locus to a marker locus with eight alleles, which is reasonable given the dense spacing and high information content of the real genotypes. We generated 200 replicates under each model to compute the average lod scores and power of detecting lod scores of 1-3.
Linkage analysis
The genotype data were stored in a Microsoft Access database. Formatting changes needed for specific programs were made using MEGA2. 23 The genotype data were first checked for Mendelian consistency using the program PEDCHECK. 24 The RECODE program was used to prepare the data files for analysis and to estimate allele frequencies from all founders in the pedigrees. We checked for the presence of additional genotype errors using the mistyping option of Simwalk2 (version 2.89), [25] [26] [27] and eliminated genotypes that had probabilities of >0.25 of being errors. In total, only a very small number of genotypes (,0.5%) was eliminated because of either Mendelian inconsistencies or high mistyping probability.
We first screened the 1058 markers using two point analyses with the MLINK program from the FASTLINK package. [28] [29] [30] [31] We calculated lod scores assuming the same models as described above for the power simulations. In addition, we assumed that penetrance increased with age, using age incidence rates in the population to construct liability classes. Multipoint analyses were conducted using Genehunter 32 to compute both parametric lod scores, assuming heterogeneity (Hlod, with a = proportion of linked families) and non-parametric linkage (NPL) scores (z scores). Genehunter Plus lod scores were also calculated, because this method has been shown to give less conservative estimates of p values than does the original Genehunter method. 33 As there were only a few NHL cases in this familial cohort, only individuals with HL were classified as affected for initial linkage analyses across the genome, and all other individuals were considered unaffected. Regions of the genome with nominal p values (0.01 by any analysis method were followed up with additional analyses, including broadening the affection status to include NHL and calculation of mean IBD sharing in affected sibling pairs (ASPs) using the program Sibpal in SAGE (version 4.5). 34 
RESULTS
Power of linkage detection
The simulations showed that if >75% of the families were linked to the same locus, then the probability of obtaining a lod score of 3.0 or more was at least 75%. The power to find a recessive gene was always higher than for a dominant gene; this is not surprising, as two thirds of the families have affected sibling or cousin configurations and are thus consistent with recessive inheritance. If only half of the families were linked to a single locus, then the power to detect linkage was modest (expected lod score = 2.3 under recessive inheritance, 1.9 under dominant inheritance). If only 25% of the families were linked, we would have minimal power to detect a susceptibility gene.
Linkage results
Two point lod scores revealed several regions of the genome with evidence for linkage to HL. The strongest findings were in regions on chromosomes 2, 3, and 4. Table 2 shows loci that had two point lod scores >2.0 under any one of the four inheritance models tested. These regions, on chromosomes 2, 3, and 4, showed clusters of consecutive markers with positive scores. Another region on chromosome 4 and a region on chromosome 11 also showed clusters of consecutive loci with positive scores, with maximum scores between 1.5 and 2.0 (not shown). Multipoint NPL statistics of all of the chromosomes as calculated by Genehunter are shown in fig. 1 . Parametric lod scores with and without heterogeneity were also calculated but are not shown. The densely spaced markers resulted in a high level of informativeness, with information content calculated by Genehunter averaging 0.75 throughout the genome. Fig 2 (A-E) shows regions on chromosomes 2, 4, 7, 11, and 17 where either multipoint NPL or Hlod scores had nominal p values ,0.01. These figures show NPL and parametric statistics for both narrow (HL only) and broad (including NHL) affection status models. The parametric lod scores were calculated assuming heterogeneity using the inheritance model (dominant or recessive) that gave the highest two point lod scores. As seen in table 2, one marker on chromosome 3 had a two point lod score of 4.0 under dominant inheritance. The flanking markers had lods of 1.7 and 1.0 (not shown), but multipoint statistics in this region were substantially lower (highest NPL score was ,2.0 and highest Hlod score was 1.4) than the two point results; thus no additional graphs are shown. Tables 3 and 4 summarise the linkage statistics, locations, and marker names for these six regions.
The strongest evidence for linkage occurred on chromosome 4 where the peak NPL or Hlod was found at 14 cM, flanked by markers D4S2935 and D4S394 ( fig 2B) . Strong evidence for linkage was seen under both affection status models. Under the broader model (in which NHL cases counted as affected), the peak NPL score was 2.9 and peak Genehunter Plus lod score was 2.6 (p = 0.0002), which is strongly suggestive of linkage (table 3). The locations of the peak linkage scores were consistent among all analyses performed. The Hlod score was highest under the recessive model and the proportion of families linked was estimated at 43%. Table 4 shows that the mean IBD sharing among ASPs as calculated by Sibpal (.70% and highly significant) gave results consistent with the other methods. Fig 2 ( A-E) and tables 3 and 4 show five other locations that had positive non-parametric linkage or Hlod scores. For each region, the positive findings from Genehunter were supported by increased mean IBD sharing among ASPs (table 4). The second most significant region was on chromosome 2 (Genehunter Plus lod score was 2.4, p = 0.0004), although the location varied from 41 to 62 cM (fig 2A) . On chromosome 11, there was a peak at location 37 to 39 cM (fig 2D) , depending on the model, which had a maximum Genehunter Plus lod of 2.2 (rounded from 2.18) and p = 0.0007. Regions on 4q, 7, and 17 also showed positive results. There was a second positive peak on chromosome 4 at location 173-176 cM ( fig 2B) , a peak on chromosome 7 ( fig 2C) , and one on chromosome 17, in which the peak was at the p telomeric region ( fig 2E) . There was also a modest signal (NPL score of ,2.0) on chromosome 6 at the marker D6S1571, which is close to the HLA region ( fig 1) ; however, no other markers on this chromosome gave positive results. This is consistent with a small HLA effect in HL and with previous data showing an association with HLA types within a subset of these families.
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DISCUSSION
Our unique sample of high risk HL families has allowed us to conduct a genomewide scan using a dense set of markers.
The strongest finding in this study was on chromosome 4p. The inheritance is likely to be recessive, given that the highest Hlod scores were found assuming a recessive model and affected sibling pairs had a mean IBD .70%. The sharing in ASPs was highly significant although the sample size was not large. The likelihood of recessive inheritance is also supported by previous studies showing higher risks in siblings. 4 15 The strength of linkage to this region increased slightly when the few individuals with NHL were considered affected. This is consistent with our population study showing that both HL and NHL were found more frequently in relatives of HL cases. 15 In fact, the cases of NHL in our families had a much earlier age of onset (mean 49 years) than the population (median age of diagnosis is 67 years 2 ). This location on chromosome 4p is a high priority for follow up with additional families. The regions on chromosomes 2 and 11, with Genehunter Plus lod scores of 2.4 and 2.2, are also strong candidates for containing HL susceptibility genes. The three other findings on chromosomes 4q, 7, and 17 have lower significance levels but warrant further follow up. The promising finding on chromosome 3 based on two point lod scores did not hold up under multipoint analyses. Consistent with other data, we also have evidence from this study that the HLA region may play a role in familial risk (fig 1) . It is possible that applying more complex modelling of gene effects (such as multilocus models) to the genomewide linkage data would lead to more definitive detection of a susceptibility gene or genes.
There is some disagreement about how to interpret significance levels when conducting a genomewide scan. 35 Wiltshire et al 36 suggested an approach for evaluating the significance of linkage findings. They pointed out that for complex diseases, several genes may be involved and therefore it is less likely that any single region will reach a high level of significance. They propose counting the number of independent regions of linkage detected and comparing this to chance expectations. They pointed out that the lod score thresholds for ''significant'' (lod = 3.6) or ''suggestive'' (lod = 2.2) linkage, as defined by Lander and Kruglyak, 37 are often too stringent, as the thresholds for any one study depend on sample size, marker density, and marker informativeness. Using simulations, Wiltshire et al 36 found that for a 5 cM scan with 100 ASP families, a Genehunter Plus lod score of 1.78 would predict one linkage finding in a genomewide scan by chance and a more stringent lod score threshold of 2.2 would predict 0.37 linkage findings by chance. Our three strongest findings on chromosomes 4p, 2p, and 11p meet the more stringent threshold of 2.2 (table 3) . Thus, we have identified more regions than expected by chance, which strongly suggests that there are one or more true loci causing susceptibility to HL among the locations identified.
There are several regions of the genome where recurrent cytogenetic changes are found in HL cells, 38 39 including amplifications of regions of 2p, 4p, 4q, and 9p, and deletions of chromosome 6q25. 40 The regions we identified by linkage do not appear to overlap with the cytogenetic regions. For example, duplication of the c-REL-BCL11A region on 2p was reported in HL cells, but these loci are about 30-50 cM centromeric from the peak we found. Similarly, amplifications on 4p may involve the fibroblast growth factor 3 gene, 39 which is about 10 Mb from the peak we identified. The linkage peak on the telomere of chromosome 17 is near the p53 gene, but somatic mutations of this gene are not frequently found in HL cells, 41 and one study found no germline mutations in familial HL cases from our sample. 42 Locations determined from linkage analysis of complex diseases are imprecise owing to uncertainty about the underlying model, so it is possible that one or more of the regions identified by cytogenetic studies overlaps with regions we identified by linkage.
There are some limitations to this study. The highly selected families in our sample are not representative of HL in the population. Consistent with clinical descriptions of familial HL in the literature, 43 referrals to our group are mostly families with cases that have early onset and NS subtype. There are a few later onset cases in these families, but even these are found within families having early onset in other members. In terms of histological subtype, we also find mixed cellularity cases in the same families with NS subtype. Thus, it is not possible for us to analyse linkage to subgroups based on age at onset or histological characteristics of the tumour. In addition, most of our families have HL in siblings and/or cousins, which makes it difficult to detect a dominant susceptibility locus. Future studies applied to more families and a broader representation of clinical types will lead to more robust conclusions about the effects of susceptibility genes, genetic heterogeneity of HL, and the range of phenotypic expression of specific susceptibility genes.
The findings presented here are the first step in the discovery of germ line susceptibility gene(s) and delineation of the pathways involved in development of HL. Even though these susceptibility loci are being discovered in high risk families, they may also play a role in development of sporadic HL. Defining these pathways and determining their interactions with environmental factors may lead to more effective treatment and prevention, which could have a great impact on patients, many of who are young and lose years of life/ productivity to disease or treatment related morbidity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Generalised epilepsy with febrile seizures plus (GEFS+) is a clinically and genetically heterogeneous epilepsy syndrome. Using positional cloning strategies, mutations in SCN1B, SCN1A, and GABRG2 have been identified as genetic causes of GEFS+. In the present study, we describe a large four generation family with GEFS+ in which we performed a 10 cM density genome-wide scan. We obtained conclusive evidence for a novel GEFS+ locus on chromosome 2p24 with a maximum two point logarithm of the odds (LOD) score of 4.22 for marker D2S305 at zero recombination. Fine mapping and haplotype segregation analysis in this family delineated a candidate region of 3.24 cM, corresponding to a physical distance of 4.2 Mb. Linkage to 2p24 was confirmed (p = 0.007) in a collection of 50 nuclear and multiplex families with febrile seizures and epilepsy. Transmission disequilibrium testing and association studies provided further evidence (p,0.05) that 2p24 is a susceptibility locus for febrile seizures and epilepsy. Furthermore, we could reduce the candidate region to a 2.14 cM interval, localised between D2S1360 and D2S2342, based upon an ancestral haplotype. Identification of the disease gene at this locus will contribute to a better understanding of the complex genetic aetiology of febrile seizures and epilepsy. Most studies support a polygenic or multifactorial mode of inheritance. [1] [2] [3] However, in some rare families, segregation of the febrile seizure phenotype is compatible with a monogenic inheritance model. 2 3 Although infantile febrile seizures are mostly benign, patients have an increased risk for epilepsy later in life. Generalised epilepsy with febrile seizures plus (GEFS+, MIM 604233) is a familial epilepsy syndrome that links febrile seizures with epilepsy. 4 It encompasses a continuum of phenotypes with mild and severe forms of epilepsy. Most affected individuals present with typical febrile seizures or atypical febrile seizures, that is, febrile seizures that persist beyond 5 years of age. In addition, patients can have afebrile seizures including generalised tonic-clonic, absence, myoclonic, or atonic seizures. The most severe forms of epilepsy in the GEFS+ spectrum are myoclonic-astatic epilepsy and severe myoclonic epilepsy of infancy. GEFS+ has an autosomal dominant inheritance pattern with reduced penetrance.
To date, eight chromosomal loci have been reported for febrile seizures and GEFS+: FEB1 at 8q13-q21, FEB2 at 19p13.3, FEB3 at 2q23-q24, FEB4 at 5q14-q15, FEB5 at 6q22-q24, GEFS+1 at 19q13.1, GEFS+2 at 2q21-q33, and GEFS+3 at 5q31.1-q33.1. [5] [6] [7] [8] [9] [10] [11] [12] [13] Mutations in the b1 subunit (SCN1B) and the a1 subunit (SCN1A) of the voltage gated sodium channel, and mutations in the c2 subunit of the GABA A receptor (GABRG2), have been identified in GEFS+ families that are, respectively, linked to the GEFS+1, GEFS+2, and GEFS+3 loci. 10 12-14 In this report, we describe a large non-consanguineous family with febrile seizures and epilepsy (fig 1) that was compatible with GEFS+. The family comprised 11 patients in four successive generations and one affected spouse and was from Flanders, the Dutch speaking region of Belgium. All individuals were clinically assessed by means of a structured interview. For all patients, information was obtained about seizure type, duration, age at onset, frequency, and association with fever. The parents or the older siblings of the patients primarily provided clinical information, and all spouses were interviewed for familial occurrence of seizures to exclude possible bilineal inheritance. The detailed clinical characteristics of all patients are shown in table 1.
In summary, of the 11 patients, eight had seizures associated with fever, but none developed epilepsy later in life. The febrile seizures were generalised tonic-clonic. Most seizures were brief, but in two individuals (III.4 and III.10) they lasted for more than 30 min. The age at onset was very similar, ranging between 6 months and 2.5 years. The number of seizures varied between one and three except for individual II.5 who experienced 23 seizures associated with fever. Three patients had epileptic seizures without a history of febrile seizures. The epilepsy phenotype in those individuals was variable. Patient III.5 presented with generalised tonic seizures, while individual III.6 had only absences. For individual I.1, no detailed clinical data could be obtained.
Before initiating a genome-wide scan, we performed a simulation study using SLINK to estimate the power of this family. 15 16 Two point logarithm of the odds (LOD) scores were calculated with MLINK software (version 5.1) from the LINKAGE package. 17 All individuals with one or more febrile or epileptic seizures were considered affected. We assumed an autosomal dominant inheritance pattern with reduced disease penetrance and a disease frequency of 0.0001. We set the disease penetrance at 90% based upon calculations according to the method of Johnson et al. 3 Since the frequency of febrile seizures in the population is 2-5%, we incorporated a 3% phenocopy rate. The data were analysed Abbreviations: GEFS+, generalised epilepsy with febrile seizures plus; LOD, logarithm of the odds; NPL, non-parametric linkage; TDT, transmission disequilibrium test assuming equifrequent marker alleles and gender average recombination rates. A maximum two point LOD score of 5.07 was generated, using an eight allele marker with equal allele frequencies.
We obtained peripheral blood from all participating individuals and extracted genomic DNA using standard methods. All participants or their legal representative signed a written informed consent form, and the Medical Ethical Committee of the University of Antwerp approved this study.
We performed a 10 cM genome-wide scan with the ABI Prism Linkage Mapping Set MD10 (Applied Biosystems, Foster City, CA) and genotyped 29 family members with 382 microsatellite markers distributed over the human genome. After amplification, PCR products were pooled and size fractionated on an ABI 3700 automated sequencer (Applied Biosystems). We used ABI Prism GeneScan and Genotyper version 3.7 software (Applied Biosystems) to determine allele sizes. For fine mapping, we analysed 16 additional 4  2  7  D2S168  2  2  3  D2S2200  2  8  4  D2S1360  8  7  6  D2S305  7  5  7  D2S2233  3  4  1  D2S2342  2  3  2  D2S2201  2  5  2  D2S2168  2  2 III   ----3  3  3  2  6  4  1  8  7  6  4  6  5  7  6  7  2  1  1  1  5  2  5  2  2  2  2  2  ----9  1 0   7  7  3  3  6  4  3  6  7  7  4  1  4  2  2  2  2  2   5   5  7  5  3  5  4  6  6  4  7  4  1  4  2  1  2  3  2   4   2  7  2  3  3  4  7  6  6  7  2  1  4  1  2  4  6  7   6   2  7  2  3  8  3  7  7  5  8  4  3  3 None of the previously reported loci showed evidence of linkage, and no other markers from the genome-wide panel gave a LOD score above 3 (data not shown). After analysis of recombination events in patients, we delineated a candidate region of 3.24 cM, localised between markers D2S1360 and D2S2201 (fig 1) , corresponding to an estimated physical distance of 4.2 Mb. The telomeric boundary was defined by the recombinant haplotype in II.5 and his son III.6. A recombination in III.9 delimited the centromeric boundary. All patients except IV.1 shared the haplotype segregating with the disease. His unaffected mother also did not inherit the disease haplotype, indicating that individual IV.1 was likely a phenocopy and that his febrile seizures were unrelated to the genetic aetiology in the family. This is not unusual in GEFS+ families, and in part reflects the high frequency of febrile seizures (2-5%) in the general population. It is also of interest that none of the unaffected at risk family members carried the disease haplotype, indicating that the GEFS+ phenotype is fully penetrant in this pedigree. This is rather exceptional as GEFS+ or febrile seizures usually show a disease penetrance varying between 60% and 90%.
After establishing linkage at chromosome 2p24, an additional group of 50 families with febrile seizures and/or epilepsy (table 3) was analysed. All families were of Belgian-Dutch origin. The group comprised a total of 291 individuals of whom 142 were patients. The proband of each family presented with seizures that were associated with fever. For each proband, at least one of the parents was available and provided clinical information about seizure frequency and association with fever. Parents were interviewed to identify a possible positive history for febrile seizures in other family members. If other patients in the family were available, the patients and/or their parents were contacted and interviewed. Additional patients were considered affected if they had at least one unprovoked febrile and/or afebrile seizure. Mutations in SCN1A, SCN1B, and GABRG2 were excluded by mutation analysis of genomic DNA of each proband 18 (Audenaert et al, unpublished data). To examine linkage to 2p24, we genotyped these families for three markers localised within the candidate region and two flanking markers, spanning a region of 3.24 cM. We calculated multipoint non-parametric linkage (NPL Z all ) scores and associated p values, using the total stat command in the Genehunter program (http://linkage.rockefeller.edu/ soft/gh). Eleven families consisted of only one affected offspring and were omitted from the NPL analysis. A maximum multipoint NPL Z all score of 2.43 (p = 0.007) was obtained at D2S2233 (table 4) . The information content of the markers was higher than 80% throughout the 3.24 cM region. These results indicated that the locus at 2p24 is involved in the genetic aetiology underlying the susceptibility for febrile seizures and epilepsy in these families.
To confirm this finding, we performed for each of the five markers at 2p24 a transmission disequilibrium test (TDT) with the probands of the 50 families, using the Genehunter tdt command. This showed that allele 6 at D2S305 was transmitted significantly more to the patients compared to other alleles at D25305 (p = 0.022; allele 6 was transmitted 29 times and not transmitted 14 times).
As a next step, we performed an association study and compared the allelic distribution between probands of the 50 families and 98 Belgian-Dutch population control individuals. Overall p values were calculated using CLUMP (http:// linkage.rockefeller.edu/soft/clump.html). The overall allelic distribution of the markers was not significantly different between patients and controls, except for D2S2233 (table 5; p overall = 0.048). Using the x 2 statistic, we compared allele frequencies between patients and controls. We found significant allelic association with febrile seizures at D2S305 and D2S2233 (table 5) : allele 6 at D2S305 (p allele6 = 0.048; OR 1.64; 95% CI 1.00-2.68) and allele 7 at D2S2233 (p allele7 = 0.047; OR 1.73; 95% CI 1.00-2.96).
These findings were further supported using sliding window analysis of two marker haplotypes. To obtain observed haplotypes, we genotyped the 50 probands with their parents and 49 triads of Belgian-Dutch population control individuals. Genehunter generated the most likely haplotypes of patients and control individuals. Using CLUMP, we compared the overall allelic distribution of the two marker haplotypes and found a highly significant overall p value at D2S305-D2S2233 (table 6; p overall = 0.008). We calculated the contribution of each haplotype to the overall p value using the x 2 statistic, and found that H-6-7 at D2S305-D2S2233 was significantly overrepresented in patients (table 6 ; p H-6-7 = 0.003; OR 2.94; 95% CI 1. 34-6.43 ). These results demonstrated that a common haplotype at chromosome 2p24, H-6-7, contributed to developing febrile seizures in the Belgian-Dutch population. Furthermore, the disease haplotype in the large linkage family also contained the H-6-7 allele at D2S305-D2S2233 (fig 1) . This allowed us to further refine the candidate region at 2p24 to a 2.14 cM interval localised between D2S1360 and D2S2342, based upon ancestral recombination events. A p value less than 0.05 was also obtained for H-2-9 at D2S2342-D2S2201. However, the frequency of this haplotype allele in the control group (table 6; 1.1%) was too low to provide conclusive evidence.
The chromosome 2p24 locus for febrile seizures contains 14 known and six putative genes. So far, the three genes involved in GEFS+, that is, SCN1B, SCN1A, and GABRG2, encode subunits of voltage gated or ligand gated ion channels. Therefore, one of the most attractive candidate genes in this locus is KCNS3 (voltage gated potassium channel, subfamily S, member 3). It encodes a subunit of the voltage gated potassium channel of the delayed rectifier type and is abundantly expressed in the brain. 19 Further characterisation of KCNS3 and other genes at the chromosome 2p24 locus might lead to identification of the actual susceptibility alleles in the Belgian-Dutch population and the causal variant in our linkage family.
